Despite the extremely high concentration of DNA in nucleoid/nuclear regions, chromosomal dimerization and entanglement are avoided. To help understand this, we measured the effective concentration of DNA in E. coil, a value that reflects the functional impact of the cellular milieu on DNA site reactivity. We used as probes plasmid fusion reactions by two site-specific recombinases. The normalized extents and rates of fusion in these systems were much lower in vivo than in analogous in vitro reactions. We calculate that the effective concentration of plasmid DNA is about one order of magnitude lower than the chem ical concentration. We suggest that in bacterial cells DNA accessibility is highly restricted and that this dominates the forces that increase DNA activity, such as macromolecular crowding.
Introduction
The molecular description of cellular phenomena requires their reconstruction with purified enzymes and substrates. Yet, in vitro reaction conditions bear scant resemblance to the intracellular environment. In studies of protein-DNA interactions, for example, a low concentration (typically 0.01 mg/ml) of pure DNA is exposed to one or a few dilute proteins in a simple buffer. The intracellular environment is, by contrast, highly concentrated, heterogeneous, and nonideal. In Escherichia coil, the average DNA concentration within the nucleoid is an estimated 30-100 mg/ml, similar to the DNA concentration in the interphase nucleus of eukaryotic cells (Bohrmann et al., 1993; Kellenberger, 1987) . Proteins are present at about 250 mg/ml, nearly as concentrated as in many crystals (Fulton, 1982) , and the RNA concentration is around 100 mg/ml (Cayley et al., 1991; Zimmerman and Trach, 1991) . In this report, we address how this complex background influences the behavior of DNA.
The extreme crowding in vivo increases collision frequencies and thereby formation of the multicomponent nucleoprotein complexes that are essential to many aspects of cellular metabolism (Echols, 1986) . High concentrations of DNA and proteins, however, promote nonspecific interactions as well as the desired specific ones (Lin and Riggs, 1975) . Moreover, high DNA concentrations promote dimerization and catenation of plasmids and entanglement of chromosome domains. Purified topoisomerases catenate DNA just as readily as they decatenate it; the equilibrium is determined by DNA concentration (Krasnow and Cozzarelli, 1982; Tse and Wang, 1980) . It is, therefore, surprising that despite the high cellular DNA concentration, catenated DNA molecules resulting from recombination or replication are instantly u nlinked by topoisomerases in vivo (Adams et al., 1992b; Bliska and Cozzarelli, 1987) .
One explanation for the equilibrium shift toward decatenation is that the effective concentration of DNA is much lower than the chemical (i.e., mass per volume) concentration. We use the term "effective concentration" much as a physical chemist uses the term "activity": the concentration multiplied by the activity coefficient. At infinite dilution and under ideal conditions, the activity coefficient is one. We expect that the activity coefficient for DNA in vivo will not be unity and will be determined by the balance of competing factors that influence the frequency of productive collisions between DNA sites. We next discuss these competing factors.
First, DNA in vivo may be in a condensed state and thereby attain an extremely high local concentration. In vitro, a concentration of polyvalent cations sufficient to neutralize about 90% of the charge on DNA causes cooperative intramolecular collapse and intermolecular aggregation into organized, condensed structures (Bloomfield, 1991; Gosule and Schellman, 1978) whose local concentration is around 500 mg/ml (Earnshaw and Casjens, 1980 , and references therein). Such DNA is an excellent substrate for many bimolecular reactions (Krasnow and Cozzarelli, 1982; Pheiffer and Zimmerman, 1983; Sikorav and Church, 1991) . The concentration of polyamines (Neidhardt, 1987) and basic proteins (Drlica and RouviereYaniv, 1987) in E. coil is quite high (e.g., 11 mM putrescine, 2 mM spermidine) and might be sufficient to condense DNA in vivo.
Second, there is a variety of relevant cis effects. The connectivity of individual DNA sites on a chromosome increases their local concentration relative to unconnected sites. Supercoiling further augments this cis enhancement by almost two orders of magnitude (Vologodskii et al., 1992) . The local concentration of two DNA sites on the same supercoiled 3.5 kb plasmid is equivalent to sites in trans at 10 mg/ml. Furthermore, DNA looping induced by proteins that bend DNA or by intrinsically bent sequences promotes sequence-specific increases in local concentration. The bacterial proteins integration host factor (IHF) and HU promote the formation of complex nucleoprotein structures in this way (Goodman and Nash, 1989; Kim and Landy, 1992; Paull et al., 1993) .
Third, the high concentration of proteins and RNA in vivo should have a dramatic effect on the effective concentration of DNA. In E. coil, roughly 40% of the intracellular space is occupied by molecules other than water (Zimmerman and Trach, 1991) . Theoretical considerations predict that volume exclusion due to this macromolecular crowding should greatly increase the activity of DNA (Berg, 1990; Minton, 1981; Zimmerman, 1993 Fourth, DNA-binding proteins can profoundly influence the accessibility of DNA sites through a variety of mechanisms, such as occlusion or spatial sequestration. The masking of regulatory sequences by histones is the best documented example of the former (Croston and Kadonaga, 1993; Workman and Buchman, 1993) . E. coli does not have histones, but it does have abundant nonspecific DNA-binding proteins (Drlica and Rouviere-Yaniv, 1987) that could have similar effects. As an illustration of the latter process, the block to complete methylation of the E. coli replication origin has been attributed to its sequestration to the cell membrane (Campbell and Kleckner, 1990; Ogden et al., 1988) .
Most of the factors we have discussed (condensation, cis enhancements, and macromolecular crowding) should make the effective concentration of DNA greater than the chemical and thereby increase DNA multimerization, tangling, and complex formation. Inaccessibility of DNA provides an opposing force. We measured the net consequence of all intracellular influences on the effective concentration of DNA in E. coli. Our probe of DNA concentration was bimolecular plasmid fusion promoted by sitespecific recombinases. We define operationally the effective DNA concentration in vivo as that concentration in vitro that gives the same amount of fusion found in vivo. To help correct for differences in enzymatic activity in vivo and in vitro, the fusion reaction was normalized to an intramolecular reaction of deletion or inversion using either a thermodynamic or kinetic assay. We assumed that differences between the normalized intermolecular reactions in vivo and in vitro were due to DNA concentration. To control for enzyme and site-specific effects, two independent recombination systems were used: Cre-loxP from bacteriophage P1 (Austin et al., 1981; Hoess and Abremski, 1990 ) and integrative recombination by the X phage Int system (Landy, 1989) .
We found that the ratio of intermolecular to intramolecular recombination in E. coil cells is much lower than the corresponding reactions in vitro. We interpret this as indicating that the effective concentration of DNA is about 10 times lower than the chemical concentration, assuming that plasmids are distributed uniformly throughout the cell. If plasmids are colocalized with the chromosome in the nucleoid, then the effective concentration is about 40 times lower than the chemical concentration. It is remarkable that this reduction in the effective concentration is achieved in the face of the powerful forces that increase DNA activity. We suggest that this is because only a fraction of DNA is accessible to enzymes in vivo. A teleological attraction of our interpretation is that an organism can have a very large genome, in a small space, and yet escape unwanted intermolecular reactions of DNA.
Results

Cre-/oxP Reaction In Vitro
To measure the effective concentration of DNA in E. coli, we compared the extent of an intermolecular site-specific recombination reaction in cells with the extent of the same reaction in a purified system. First, we employed Cre-/oxP site-specific recombination. It is a simple, efficient reaction with minimal requirements in vitro: only a single protein (Cre) and two IoxP sites that can be in cis or in trans; supercoiling is not needed (Abremski et al., 1983) .
We first established that the in vitro reaction was dependent on DNA concentration over a wide enough range to be a useful probe of the effective DNA concentration in vivo. We measu red the fusion of two molecules of pBRIox P ( Figure 1A ), a plasmid with a single/oxP site. The product is a dimeric plasmid ( Figure 1B ), which can undergo further rounds of recombination either to reform monomers (resolution) or to give multimeric products through additional fusion. We monitored the course of the reaction by agarose gel electrophoresis, and typical results are shown in Figure 2A . The concentration dependence is clear from the decrease in dimer (and increase in monomer) as the initial pBRIoxP concentration is decreased. The amounts of trimers and higher multimers were low enough to be neglected in the quantitation of the results.
The salts in the in vitro reactions were chosen to mimic in vivo ionic conditions as much as possible while keeping the system simple. The principal small ions in E. coli are potassium and glutamate (Cayley et al., 1991; Richey et al., 1987) . Their intracellular concentrations depend on the osmolarity of the growth medium and range between 140 and 760 mM for potassium and 30 and 260 mM for glutamate (Richey et al., 1987) . For most of our reactions, we selected 150 mM potassium glutamate and 5 mM MgCI2, which should be near the intracellular ionic conditions for E. coli grown in the media we used below (Alatossava et al., 1985; Cayley et al., 1991; Richey et al., 1987) . Because pilot studies showed that reactions performed over a range of DNA concentrations were complete by the best fit to the data, assuming that at equilibrium the concentration of dimer is proportional to the square of the monomer concentration. Several conclusions can be drawn. First, over the range of plasmid DNA concentrations tested, 25-500 i~g/ml, the Cre-mediated dimerization reaction is described well as a bimolecular reaction with an equilibrium constant of 7 x 106 M -1. Second, there was little difference in the extent of the reaction when salt and recombinase concentrations were varied. Thus, it does not seem essential to try to match these variables exactly to their values in vivo. Third, at 188 I~g/ml, the experimentally determined chemical concentration of pBRIoxP in vivo (see below), the extent of fusion is 25%, an easily measurable amount.
Extent of Fusion by Cre In Vivo
Once we established an in vitro calibration curve for the extent of fusion by Cre, we measured the reaction in vivo.
We transformed a recA-strain with either pBRIoxP, used in the in vitro experiments, or with pBRIoxP 2, the circular dimer of pBRIoxP ( Figure 1A ). The latter substrate allowed us to monitor resolution, the reverse reaction to fusion. Cre synthesis was initiated by infection with XX2-Cre phage. At times thereafter, plasmid DNA was isolated and analyzed for the relative amounts of monomer and dimer.
Cre recombination in vivo was rapid and efficient, and the results with the monomer and dimer substrates were satisfyingly reciprocal (Figure 3) . The amou nt of dimer produced by monomer fusion plateaued very near the amount of dimers remaining in a resolution reaction. Thus, although true equilibrium cannot be attained in dividing cells, the data show that the same steady state ratio of ) and pUCIoxP (copy number 45) were combined, and the mixture was infected with the Cre expression phage XX2-Cre. Analysis of samples was as described in the legend to Figure 3 . The graph shows the extent of dimerization at times after infection. The data from two separate experiments for each plasmid were normalized to the average extent at 120 min.
monomers to dimers was achieved in the forward and backward reactions. We found that on average 4.5% of the monomers fused to dimers (Figure 4) . From an expanded version of the in vitro calibration curve ( Figure 2C ), we concluded that the effective concentration of pBRIoxP in vivo is about 18 I~g/ ml (Table 1) . This is the in vitro concentration that the in vivo reaction matches. We measured the substrate copy number directly and calculated the chemical concentration of pBRIoxP to be 188 p,g/ml, assuming that the plasmids are uniformly distributed throughout the cell ( Figure  1A and Table 1 ). Therefore, the effective concentration is 10.5 times lower than the chemical concentration.
We tested the concentration dependence of fusion in vivo by using a recombination substrate, pUCIoxP ( Figure  1A ), that has a 2.4-fold higher copy number than pBRIoxP. The extent of pUCloxP dimerization in vivo averaged 79/0 and was consistently higher than the dimerization of pBRIoxP (Figure 4) . Thus, the effective concentration of plasmid DNA in vivo increased when chemical concentration increased.
Kinetic Approach: Relative Rates of Fusion and Inversion
A limitation of using in vitro data to calculate the effective DNA concentration in vivo is that the differences between After inversion, the orientation of the segment between the two att sites is flipped and the product is usually knotted. Inversion can be monitored by the accumulation of knots or by changes in restriction fragments generated by Pstl and BamHI (pBRattPxB) or by BamHI (pPlattPxB).
the two situations could reflect parameters other than DNA concentration. Thus far, we mitigated this problem by measuring the balance of forward and reverse reactions. Differences between in vivo and in vitro Cre activity, for example, should not affect the equilibrium fractions of monomers and dimers. We utilized a second method for measuring the effective DNA concentration in vivo that compared the initial rates of fusion and inversion by the Int system of bacteriophage X. By using an assay dependent on kinetics rather than thermodynamics and using a different recombination system, we hoped to broaden the generality of our results.
We employed as a substrate pBRattPxB, which contains the sites for X integrative recombination (attP and attB) in The data are shown as the average plus or minus the experimental range. a Assumes a bulk DNA concentration of 13 mg/ml. Chemical concentration = (1000)(13 mg/ml)(size plasmid)(copy number)/(size chromosome). b Determined using in vitro calibration curves ( Figures 2C and 6B The products of intermolecular recombination are nicked dimers (2 mer) and trimers (3 mer). Supercoiled (sc.) and linear forms of the monomer are also indicated. Whereas inversion rates were similar for both substrate concentrations, fusion was clearly more rapid in the 200 #g/ml DNA reaction. (B) In vitro calibration curve for DNA concentration dependence of Int recombination rates. The rates of inversion and fusion were determined for experiments similar to those shown in (A). Initial rates were determined from points when less than 30% of the substrate had recombined. The ratio of the initial rates of fusion to inversion is plotted as a function of the initial concentration of pBRattPxB. The line is a least squares best fit. The I nt to plas mid molar ratios were the following: 22:1 (closed cross); 40:1 (closed triangle); 75:1 (closed circle). The ratio of rates for the in vivo experiment described in Figure 7 is indicated.
inverted orientation ( Figure 5A ). Recombination can occur between attP and attB either intermolecularly (fusion) to make an imperfect dimer, or intramolecularly (inversion) to invert the segment between the sites ( Figure 5B ). Both in vitro and in vivo, the intramolecular products are knotted, but in vivo the knots are untied by topoisomerases (Bliska, 1988) . In the absence of the Z Xis protein (the case for our system), the reaction between attP and attB is irreversible; thus, forward reaction products accumulate with time.
As derived in Experimental Procedures, the initial rate of intermolecular recombination normalized to the initial Time after return to 30°C, min.
Figure 7. Time Courses of Inversion and Fusion Reactions by Int In Vivo
The recA E. coil strain W3101;L was transformed with pBRattPxB (A and B) or pPlattPxB (C and D). Int expression was induced at 42°C for 30 min, and the cells were then incubated at 30°C to allow recombination. Samples were removed at the indicated times after the shift to 30°C and processed. A portion of the samples was nicked with DNase I (A and C) to analyze fusion products. The positions of initial monomer (1 mer), and dimer (2 mer), trimer (3 mer) and tetramer (4 mer) products are indicated. The remaining sample was digested with appropriate restriction enzymes to assay for inversion (B and D). Parental (P) and recombinant (R) bands are indicated. In (E), the extents of fusion (closed symbols) and inversion (open symbols) with time are shown for pBRattPxB using two different Int induction times: 10 min (squares) and 30 rain (circles).
rate of intramolecular recombination should be directly proportional to the initial DNA substrate concentration. We first measured the ratio of initial rates of fusion to inversion as a function of DNA concentration. Reactions were performed using 10-300 p.g/ml of pBRattPxB DNA and with Int to DNA molar ratios of 22, 40, or 57. Whereas the individual fusion and inversion rates depended on the amount of recombinase in the reaction (data not shown), the ratio of the initial rates was dependent only on DNA concentration. Time courses of product formation for the inversion and fusion reactions at two substrate concentrations are shown in Figure 6A . We used these and other data to generate the in vitro calibration curve shown in Figure 6B . The ratio of fusion to inversion rates shows the predicted linear d e p e n d e n c e on DNA concentration. To measure the same reactions in vivo, pBRattPxB was transformed into a recA-strain that carries a chromosomal copy of Int under the control of a temperature-sensitive X cl repressor. Int expression was induced for 10-30 min by incubation at 42°C. The temperature was then lowered to 30°C, which is the permissive temperature for Int recombination (Guarneros and Echols, 1972) . Figure 7A shows the accumulation of Int-mediated fusion products from an in vivo time course. Dimers are the predominant products of intermolecular recombination at all timepoints. Trimers and tetramers were only 1.2% of the total DNA by the last timepoint (60 min) and make a negligible contribution to the initial rates. Because the products of the inversion reaction are unknotted in vivo and, therefore, have the same electrophoretic mobility as unrecombined monomer, half of each sample was analyzed for inversion by restriction endonuclease digestion ( Figure 7B) .
Quantification of the competing inversion and fusion reactions is summarized for two different induction times in Figure 7E . Recombination was a little faster when Int was induced for a longer period of time, but the ratio of the initial rates of fusion to inversion was the same for the two induction times. Among four experiments, the average rate ratio was 0.05 and, as in vitro, was essentially independent of the amount of Int recombinase.
We estimated the effective concentration of pBRattPxB in vivo using the in vitro calibration curve in Figure 6B . The average ratio of rates for the in vivo reaction corresponds to an in vitro concentration of 54 ~g/ml. From the substrate copy number, the chemical concentration of pBRattPxB was calculated to be 291 i~g/ml, assuming a uniform plasmid distribution throughout the cell. Thus, the effective concentration of DNA in vivo is 5.4 times lower than the chemical concentration. Therefore, using a completely different recombination system and a kinetic rather than thermodynamic test, we have found a similar reduction in DNA activity to what we found using the Cre assays.
We tested the consequences of lowering the copy number of the substrate plasmid. A fragment of pBRattPxB containing both att sites was subcloned into a derivative of bacteriophage P1 to generate pPlattPxB. It had a copy number of three, 10-fold lower than pBRattPxB. Whereas intramolecular recombination was the same for the two substrates, about 3% of the population was inverted per minute (Figure 7, compare band R in [D] and [B] ), the rate of pPlattPxB fusion was much lower than with the higher copy number substrate (compare dimer band in Figures  7C and 7A) . The average ratio of fusion to inversion rates using pP1 attPxB (from two experiments) was 0.016. Thus, the Int assay, like the Cre reaction, was sensitive to substrate DNA concentration in vivo.
Discussion
We have shown that the reactivity of DNA sites for two recombinases in E. coil is lower than the concentration would dictate. Two independent recombinational probes (a Cre-loxP thermodynamic assay and an Int kinetic assay) led to comparable results (Table 1) . They imply that the effective DNA concentration is about 10 times lower than the chemical concentration. Although all sites and their reactions need not behave identically in vivo, we suggest that the trend might be general for sites located in trans or on separate chromosome domains.
In extrapolating our in vitro results to the in vivo situation, there are several assumptions and potential limitations that complicate the interpretation. First, it is impossible for our in vitro ionic conditions to match precisely their in vivo counterparts, in part because of the difficulty in defining the relative amounts of bound and unbound ions in the cell (Cayley et al., 1991) . We did, however, choose ions and concentrations that are physiologically relevant. The use of potassium and glutamate, the predominant small ions in E. coil (Cayley et al., 1991) , instead of sodium and chloride greatly expands the range of salt concentrations that is tolerated by many DNA-binding proteins (Leirmo et al., 1987) . We found that varying salt concentration within the physiological range did not greatly affect the Cre in vitro calibration curve ( Figure 2B ). Moreover, in vivo there is substantial metabolic buffering. The binding of RNA polymerase and Lac repressor to DNA is highly salt sensitive in vitro but not in E. coil cells (Richey et al., 1987) . Thus, precise matching of in vitro and in vivo salt concentrations is probably not required for determining the effective DNA concentration.
Second, there may be differences in recombinase activity in vivo and in vitro, and it is impossible to know how much recombinase is free from the abundant competitor DNA in vivo. To counter this objection, we chose parameters that should be independent of the stoichiometry of recombinase to substrate. We looked at either an equilibrium reaction with Cre or a normalized fusion rate for Int. Consequently, we found that varying the amount of either recombinase had little effect on the DNA concentration dependence of our in vivo and in vitro assays.
Third, although the DNA concentration dependence of our recombination assays was shown in vitro, we gained only a rough understanding of the concentration dependence in vivo. The Int and Cre plasmid fusion reactions in vivo increased with substrate copy number, but the relationships were not identical to the concentration dependencies found in vitro. The basis for these discrepancies is unclear; it could reflect differences, other than copy number, between the plasmid substrates. Furthermore, there need not be a perfect correlation between concentration dependence in vitro and in vivo. For example, the factors influencing DNA activity in vivo may be saturable, and activity coefficients in nonideal solutions are themselves a function of concentration (Zimmerman and Minton, 1993) .
Fourth, our measurements were limited to small plasmid substrates, and it would be desirable to extend the experiments to chromosomal sites. Nonetheless, plasmids have served successfully as model systems for the chromosome in a number of studies of DNA topology (Giaever et al., 1988; Lilley, 1986) . For example, a comparison of plasmid recombination in vitro and in vivo was used to determine the effective plectonemic supercoiling density in E. coil (Bliska and Cozzarelli, 1987) . In calculating the average concentrations of plasmids in vivo, we made the conservative assumption of a uniform distribution throughout the cell because there is a scarcity of definitive information on where plasmids are located. If, however, plasmids are present only within the nucleoid, then the effective concentration of DNA is an additional four times lower than we have estimated.
Fifth, as a consequence of our normalization method, it is possible that our results point to an increase in intramolecular recombination rather than a decrease in intermolecular recombination (in other words, that the effective concentration of cis sequences is greater in vivo than in vitro, rather than that the effective concentration of trans sequences is lower). We cannot exclude this possibility, but we believe it is the less likely alternative. Many factors, such as DNA condensation, superhelix collapse, or increased DNA flexibility, could increase selectively intramolecular site synapsis in vivo. However, for another site-specific recombinase, resolvase, intramolecular site synapsis is much faster than later recombination steps and is not rate limiting in vitro (Parker and Halford, 1991) . Cre, in vivo, acts primarily like resolvase (Adams et al., 1992a) . The additional motions of a superhelix that might be involved in synapsis by Int are estimated to be even faster than those important for resolvase (Marko and Siggia, 1994) . Therefore, intracellular factors that speed up intramolecular synapsis are not expected to speed up recombination.
In the Introduction, we examined three factors that tend to make the effective DNA concentration higher than the chemical concentration rather than lower, as we found. Our results suggest that one of these factors, DNA aggregation, is not operative in E. coli. Within DNA aggregates produced in vitro, the adjacent DNA segments are only a few angstroms apart and the concentration of DNA is 500 mg/ml (Maniatis et al., 1974; Earnshaw and Casjens, 1980 ; see also references therein). A local concentration this high would drive plasmid fusion to considerably higher levels than we measured in vivo. DNA aggregation occurs when about 90% of the backbone charges are neutralized (Manning, 1978; Wilson and Bloomfield, 1979 ) because a critical concentration of polyvalent cations has been achieved. Thus, we conclude that the balance of counterions in vivo does not reach the critical level for condensation, despite the high concentration of polyamines and basic proteins (Drlica and Rouviere-Yaniv, 1987; Neidhardt, 1987) .
In contrast, we believe that the second factor in vivo, supercoiling, clearly increases the local concentration of intramolecular sites (Vologodskii et al., 1992) . We corrected for this factor, in part, by using substrates for the in vitro calibration curves that had the same linking number difference as the DNA in vivo. However, intracellular factors reduce the effective superhelix density by a factor of two (Bliska and Cozzarelli, 1987; Jaworski et al., 1991; Pettijohn and Phenninger, 1980) . Such a reduction in supercoiling is calculated to reduce local cis site concentrations about 5-fold (Vologodskii et al., 1992) . Thus, we were conservative in our calculations of the effective DNA concentration in vivo. It could be even lower, depending on the importance of supercoiling in the intramolecular reaction used for normalization in vivo.
Theoretical and experimental studies i m ply that the third factor in vivo, macromolecular crowding, greatly increases the effective concentration and activity of DNA (Berg, 1990; Minton, 1981 ; Zimmerman, 1993) . Large increases in activity by macromolecular crowding have been calculated using scaled particle theory, but the results are only semiquantitative because they depend on parameters that cannot be specified precisely (Berg, 1990) . Large excluded volume effects have been demonstrated experimentally for DNA-DNA interactions in vitro. For example, albumin and Ficoll, when present at concentrations that mimicked the volume occupied by macromolecules in vivo, caused a 100-fold stimulation in the rate of intermolecular annealing of X cohesive ends (Pheiffer and Zimmerman, 1983; Zimmerman and Harrison, 1985) . Therefore, the factors that reduce the effective concentration of DNA in vivo work against a significant load from crowding.
We do not know what these mitigating factors are; spatial sequestration and limited diffusion are two candidates. We suggest, however, that the major factor lowering DNA activity in vivo is that a large fraction of DNA is hidden or occluded by DNA-binding proteins. Almost all eukaryotic DNA may be prevented from productive encounters by chromosomal proteins. The extent of DNA coverage in bacteria is uncertain because of the labile binding of the histone-like proteins to DNA, but estimates range between 20% and 80% (Drlica and Rouviere-Yaniv, 1987; Pettijohn, 1982) .
Occlusion can be either random or selective. Random occlusion would reduce the effective concentration of all DNA sites. An advantage of random occlusion may be that it allows cells to have a large number of genes, as well as an abundance of proteins and RNA for their expression, in a small volume without unwanted association reactions. A global lowering of the effective DNA concentration would, for example, reduce the dimerization of circular chromosomes. Faithful chromosome partitioning requires monomerization, and a number of replicons have dedicated recombinases to resolve dimers that do form (Austin et al., 1981; Blakely et al., 1993) . Similarly, a reduction in the effective DNA concentration would provide a thermodynamic drive toward decatenation and chromosome domain untangling. It would also diminish encounter-limited binding of all DNA ligands (not just reactions of two DNA molecules), both kinetically and thermodynamically. By limiting random encounters, an opportunity is present for other mechanisms of control, such as the augmentation of local DNA concentration by looping between operators and promoters (Schleif, 1992) .
Selective occlusion of sequences, either spatially or temporally, has an even greater teleological appeal. In an elegant study of Lac repressor-operator interactions in vitro, Lin and Riggs (1975) concluded that most of the Lac repressor is bound to the excess of nonspecific competitor sites on the E. coli chromosome rather than its own high affinity site. They argued that the problem of targeting regulatory proteins in eukaryotic cells is even more formi-dable because the specific target is a much smaller fraction of the total DNA. They suggested that selective masking of a large fraction of DNA in chromatin might be one mechanism to reduce the population of competitors. Conversely, selective "deocclusion" of sites could provide a regulation mechanism. Recent work indicates that this is indeed the case in eukaryotes. The GAGA transcription factor (Tsukiyama et al., 1994) and the yeast SWI/SNF complex (CSte et al., 1994) appear to disrupt repressing nucleosomes at a handful of regulatory sequences. Thanks to these deocclusion factors, regulatory proteins gain access to their target sequences. The binding is predicted to be efficient because the vast potential competitor DNA remains covered.
Experimental Procedures
Plasmids, Bacterial Strains, and Phage The recombination substrates used are depicted in Figures 1A and  5A . The Cre substrates pBRIoxP and pBRIoxP 2 are called p51.1oxP and pKS-5, respectively, in Adams et al. (1992a) . pBRIoxP 2 is a perfect dimer of pBRIoxP, except one of the two BamHI sites was destroyed in cloning, pUCioxP was constructed by replacing the EcoRI-Sall fragment of pUC19 with the 456 bp EcoRI-Xhol fragment containing IoxP from pBRIoxP, pBRattPxB is a 3459 bp plasmid with the attP and attB sites for bacteriophage X integrative recombination separated by 515 bp in inverted orientation (called pJ B3.5i in Bliska [1988] ). To construct pPlattPxB, the 1325 bp EcoRI-BsaAI fragment containing attP and attB from pBRattPxB was blunt-end ligated into the single Asel site of the Pl-derived plasmid pSP152 (Pal et al., 1986 ). E. coil strain MG1655.10 is la~, recA56, 78% Tn3-, ~,- (Krasnow and Cozzarelli, 1983) . W3101 ;~ recA-(~ = xis-, P80, cl857 lysogen) was derived from W3101X (Bliska and Cozzarelli, 1987) by P1 transduction using lysates from JC10289 (.,lrecA-srlc)::Tnl0. ~,X2-Cre phage expresses Cre from the ~imm434nin5 PL promoter (Adams et al., 1992a) .
Enzymes, Chemicals, and In Vitro Reactions
Restriction enzymes were purchased from New England Biolabs or Boehringer Mannheim. T4 DNA ligase was from United States Biochemical, and Multiprime DNA labeling kit was from Amersham. DNase I and TAPS (N-tris[hydroxymethyl] methyl-3-amino-propanesulfonic acid) were purchased from Sigma. Cre, a gift from R. Hoess of DuPont, was about 95% pure. Int was isolated to around 90% purity in the laboratory of H. Echols, and IHF (99% pure) was purified as described (Nash and Robertson, 1981) .
Typical in vitro Cre recombination assays used a 5:1 or 25:1 molar ratio of Cre recombinase to IoxP sites. Reactions (10 or 20 p.I total volume) contained 25 mM TAPS-NaOH (pH 7.3), 150 mM potassium glutamate, 5 mM MgCI2, 1 mg/ml bovine serum albumin (BSA), 0.5 ng of pBR322 per nanogram of substrate plasmid (as an internal standard), and IoxP substrate and Cre as indicated. Reactions were incubated at 37°C for 90 rain followed by 10 min at 70°C to terminate the reaction. To simplify electrophoretic analysis of the fusion products, portions of the reactions were nicked with pancreatic DNase I in the presence of 0.4 mg/ml ethidium bromide. Samples were resolved on 0.8% agarose gels containing TBE (90 mM Tris, 90 mM borate, 2.5 mM EDTA [pH 8.3] ). Quantification of the ethidium bromide-stained DNA bands was by scanning densitometry.
Int reactions contained in 50 Id, 20 mM MOPS-KOH (pH 7.5), 150 mM potassium glutamate, 10 mM MgCI2, 1 mg/ml BSA, and 0.06 I~g of IHF per microgram of pBRattPxB. After 10 rain at 0°C, Int was added at a 20-, 40-, or 57-fold molar excess. After the indicated times at 30°C, the reactions were heated at 70°C for 10 rain. A portion of the DNA was digested with BamHI and Pstl and electrophoresed through 1.5% TBE agarose gels to assay for inversion. The remainder was precipitated with ethanol, nicked with DNase I, and resolved on 03% TBE agarose gels. All samples were transferred to a nylon membrane (Southern, 1975) followed by hybridization to a radioactive probe made by random prime labeling of the plasmid. Data were quantified using a phosphorimager (Molecular Dynamics).
In Vivo Recombination Assays
In vivo recombination assays were conducted at the same temperature as the in vitro reactions, All cultures were grown in LB broth containing 0.17 M NaCI and appropriate antibiotics. Cre recombination in vivo was carried out in strain MG1655.10 transformed with pBRIoxP, pBRIoxP 2, or pUCIoxP. Recombination was initiated by infection with a Z derivative that expresses Cre, ~,X2-Cre (Adams et al., 1992a) . Cultures of cells separately transformed with either pBRIoxP or pUCIoxP were grown at 37°C and then mixed at equal cell density prior to phage infection to control for differences in phage adsorption. To initiate Int recombination in vivo, cultures of W3101~, transformed with pBRattPxB or pPlattPxB were transferred to 42°C for 10, 20, or 30 rain to derepress the PL promoter. Cells were returned to 30°C, the preferred temperature for Int reactions (Guarneros and Echols, 1972) . Samples (1.5 ml) of the induced cultures were removed at various times, and the DNA was isolated by a modified alkaline lysis method (Adams et al., 1992a) . Samples were analyzed for fusion and inversion as described in the corresponding in vitro reactions.
Measurement of In Vivo Plasmid Copy Number
Plasmid copy number was measured by a modification of the procedure of Twigg and Sherratt (1980) . E. coil cultures were grown for approximately six doublings in 1.5 ml of LB containing 10 I~Ci [3H]thymidine. Cells were pelleted, rinsed, resuspended in 250 p,I of TAE, 2% Fic011, 1% SDS, 0.010/o each bromophenol blue and xylene cyanol, and incubated at 65°C for 30 min. The sample was loaded into dry wells of a TAE agarose gel. After 15 rain of electrophoresis at 90 V, buffer was added to cover the gel, and electrophoresis was continued at 70 V for 4 hr. After ethidium bromide staining of the DNA, the weight ratio of plasmid to chromosome was determined by excising the plasmid and chromosome bands followed by liquid scintillation counting. In a second method used for some plasmids, the weight ratio was determined by densitometry of the photographic negative from an ethidium bromide-stained gel. The intensity of the supercoiled band was multiplied by 1.42 to correct for lower ethidium bromide binding to supercoiled DNA (Lloyd et al., 1978) . The two methods agreed within 15% and were in close agreement with the literature values for control plasmids pBR322 and pUC19. To calculate the chemical concentration of plasmid DNA in the cell, a bulk DNA concentration of 13 mg/ml was used. This value assumes that 2.3 genome equivalents occupy the entire 0.88 ~m 3 of the cell (Goodsell, 1991) .
Kinetic Equation for Competing Inversion and Fusion Recombination Reactions
To determine the concentration dependence of intermolecular recombination rates, we compared the rate of fusion to that of a competing intramolecular reaction. This procedure provides an internal normalization for the experimental variability of recombinase activity. For the reaction shown in Figure 5B , we let S stand for the starting substrate, I for the product of inversion, and F for the fusion product. The rate of inversion, dl/dt, is equal to k~[S] and the rate of fusion, dF/dt, is equal to kf[S] 2, Thus, the ratio of the rates of fusion and inversion equals (kf/k~) [S] . At early times of reaction IS]- [So] , where [So] is the initial concentration of DNA. In this case, (dFIdt)l(dlldt) is linearly related to [So] .
